We report the isotropic-liquid crystalline phase diagram of 3.0 nm × 60 nm CdSe nanorods dispersed in anhydrous cyclohexane. The coexistence concentrations of both phases are found to be lower and the biphasic region wider than the results predicted by the hard rod model, indicating that the attractive interaction between the nanorods may be important in the formation of the liquid crystalline phase in this system.
I. Introduction
In concentrated solutions of rodlike particles dispersed in non-mesogenic solvents, it has been well accepted that the hard rod repulsion plays a predominant role 1, 2, 3 in the formation of the liquid crystalline phases. Theoretical analyses incorporating the anisotropic attractive interaction between the rigid rods predict much more complex phase diagrams 4, 5 , such as the coexistence of two nematic phases, and even two isotropic phases, as well as the appearance of temperature dependent transition densities.
Lyotropic liquid crystalline solutions of rodlike viruses such as tobacco mosaic virus 6 and fd-virus 7 in water have been widely studied as model systems for hard rods. The electrostatic repulsion between the rods makes the effect of van der Waals interaction insignificant. On the other hand, it can be expected that van der Waals interaction may be important in inorganic colloidal systems with anisotropic shapes 8 because of their high electron density and therefore high polarizability, especially in non-aqueous solutions where electric repulsion is not present. Boehmite rods (AlOOH) have been the only uncharged rigid rodlike colloidal system for which a liquid crystalline phase diagram has been reported 9 . Because the available AlOOH samples are highly polydisperse, however, and the phase diagram depends on the rod lengths, the experimental studies of that system cannot determine the boundaries of the isotropic-nematic coexistence region as a function of size. Indeed, the coexistence concentrations of the isotropic and nematic phases were found to be dependent on the total concentration, and therefore it is not a simple matter to compare to the hard rod model with attractions built in.
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We have recently observed the formation of liquid crystalline phases of highly monodisperse semiconductor nanorods at high density in non-polar solvent 10 . The CdSe nanorods can be made with variable aspect ratio and tightly controlled widths and lengths, and the rods are not highly charged, so they are an interesting system to study the formation of lyotropic liquid crystals with attractive interaction included. Here we report a preliminary experimental study of the phase diagram of the nanorod solution.
II. Experiment
CdSe nanorods studied in this work are synthesized using previously published methods 11 , 12 . The nanorods are characterized as 3.0 nm wide and 60 nm long with transmission electron microscopy (TEM), with ~ 5% width distribution and ~ 15% length distribution. The nanorods are coated with organic molecules, which not only make the nanorods very dispersible in organic solvent, but also change the effective dimensions of the nanorods in solution.
To make liquid crystalline solutions of nanorods, the nanorods are dissolved in anhydrous cyclohexane. The solution is then concentrated by blowing dry N 2 to evaporate the solvent. When it is concentrated enough to have birefringent droplets, the solution is transferred to 300 µm glass capillaries or 4 mm NMR tubes, which are then flame sealed for phase separation. The manipulation has to be done in a water free environment, because it was found that even the water vapor in air could cause gelation in the concentrated solution, which is presumably due to the reduction of the solvating power of the solvent. The isotropic-biphasic boundary is determined by varying the temperature of the solutions with different compositions under an optical polarizing microscope until the disappearance or appearance of the liquid crystalline phase. Once the isotropic-biphasic boundary is established, the biphasic-nematic boundary can be determined by measuring the isotropic-nematic volume ratio at different temperatures, using the characteristic difference in nuclear magnetic resonance (NMR) spectra of deuterium ( 2 H figure 2(A) , where the central peak is identified to be due to the isotropic phase and the two side peaks to the liquid crystalline phase. The volume ratio of the two phases is calculated by the ratio of the areas under the corresponding peaks, by assuming the partition of chloroform in two phases is solely determined by the volumes of cyclohexane, and thus we can calculate the biphasic-nematic phase boundary with the lever rule.
III. Results and Discussions
The volume percentage of CdSe in the isotropic and the liquid crystalline phases at room temperature (25 °C) is determined to be 6.1% and 9.9%, respectively with the ICP technique. These values do not vary significantly (± 0.4%) for solutions with different compositions, indicating the nanorods are monodisperse enough that the solution can be considered to be a two-component system, in contrast to the experiments reported for boehmite rods earlier 9 . This also allows the determination of the composition of any biphasic solution non-destructively from the volume ratio of the two phases.
For a solution with a composition of 6.5 % (volume percentage) of CdSe in cyclohexane, heating from 25 °C to 75 °C does not cause the disappearance of the 5 nematic phase, and therefore we conclude that the isotropic-biphasic boundary is independent of temperature within 0.4%. When considering the thermal expansion of the solvent that slightly decreases the concentration, the uncertainty in this boundary should be smaller for higher temperatures.
The volume ratio of the isotropic and liquid crystalline phases for a biphasic solution is calculated from 2 H-NMR spectra and shown in figure 2 (B) , from which together with the isotropic-biphasic boundary the biphasic-nematic phase is calculated with the lever rule.
In order to compare with the theoretical results reported, however, the thickness of organic molecules (1.1 nm for two layers) 16 on the nanorod surface is added to get the effective dimensions of the nanorods, which gives 4.1 nm in width, and 60 nm in length.
The temperature vs. composition phase diagram, which is only weakly dependent on temperature in the temperature range studied, is thus drawn with the effective volume ratio, as shown in figure 3 . The theoretical results for hard spherocylinders of aspect ratio of 15 calculated with the hard rod model 17, 18 are also shown for comparison.
Within the temperature range studied (limited by the freezing and boiling points of cyclohexane), the discrepancies between our experimental and the theoretically calculated hard rod results are evident. Our experimental values for the coexistence concentrations are significantly lower than 19.2% and 21.5%, the coexistence concentrations calculated for hard spherocylinders of aspect ratio of 15 by assuming the hard rod repulsion alone between the nanorods 17, 18 . As the aspect ratio becomes larger, the hard rod model does predict that the coexistence region shifts to lower concentrations and broadens (see for instance reference 18, Figure 12 ). This means that by treating the aspect ratio as a completely adjustable parameter, it is possible to bring the calculated hard rod phase diagram into somewhat better agreement with the experiment. However, this occurs for an aspect ratio that is outside the range of what is measured by TEM, and even under these circumstances, the biphasic region measured experimentally remains wider than the calculated one. The ratio between the measured concentrations between the ordered and disordered phases is 1.62 at room temperature, which is significantly larger than the theoretically predicted value (~1.24) even for infinitely long, thin rods 17, 18 .
A likely source of these discrepancies is the anisotropic attractive interactions between the nanorods. Theoretical studies on the rodlike colloids with attractive interactions 4, 5, 19 have shown that introducing an orientation-dependent attractive potential results in the widening of the isotropic-nematic coexistence region, which is qualitatively consistent with our experimental results. The presence of the inter-particle attraction makes the solute-solvent interaction parameter 2 more positive, so that the mixing becomes less enthalpically favorable, and consequently the concentration difference between the solute-rich and the solvent-rich phases increases 2 . Furthermore, because the anisotropic part of the attractive interaction favors the parallel orientation between the rods, the anisotropic phase starts to appear at concentrations lower than those required by the hard rod repulsion. However, whether the coexistence concentration of the ordered phase is larger or smaller compared with the hard rod systems depends on the nature and the range of the attractive interaction, as shown by numerical calculations 19 .
Future studies will require a much more comprehensive study of the phase diagrams for rods of varying length and diameter, and in a solvent that permits a wider range of temperature to be investigated, as well as comparisons to models including different types of attractive interactions. The effect of van der Waals interaction in liquid crystals has been theoretically studied in the mean field approximation 4,5, 20 , 21 , 22 . However, considering the highly anisotropic polarizability of the nanorods as well as their permanent electric dipole moment along their long axes 23, 24, 25 , both of which contribute to the attractive interaction, we may suspect whether the mean field treatment is still 
IV. Summary
We have measured the phase diagram of 3.0 nm × 60 nm CdSe nanorods dispersed in cyclohexane. Only weak temperature dependence has been observed in the temperature range studied. In addition, the coexistence concentrations of the order and disordered phases are much lower than those predicted with the hard rod model, and the biphasic region is wider. We believe these discrepancies may result from the attractive interaction between the nanorods. 
